Coronaviruses belong to the family Coronaviridae, which primarily cause infection of the upper respiratory and gastrointestinal tract of hosts. Transmissible gastroenteritis virus (TGEV) is an economically significant coronavirus that can cause severe diarrhea in pigs. Silver nanomaterials (Ag NMs) have attracted great interests in recent years due to their excellent anti-microorganism properties. Herein, four representative Ag NMs including spherical Ag nanoparticles (Ag NPs, NM-300), two kinds of silver nanowires (XFJ011) and silver colloids (XFJ04) were selected to study their inhibitory effect on TGEVinduced host cell infection in vitro. Ag NPs were uniformly distributed, with particle sizes less than 20 nm by characterization of environmental scanning electron microscope and transmission electron microscope. Two types of silver nanowires were 60 nm and 400 nm in diameter, respectively. The average diameter of the silver colloids was approximately 10 nm. TGEV infection induced the occurring of apoptosis in swine testicle (ST) cells, down-regulated the expression of Bcl-2, up-regulated the expression of Bax, altered mitochondrial membrane potential, activated p38 MAPK signal pathway, and increased expression of p53 as evidenced by immunofluorescence assays, real-time PCR, flow cytometry and Western blot. Under non-toxic concentrations, Ag NPs and silver nanowires significantly diminished the infectivity of TGEV in ST cells. Moreover, further results showed that Ag NPs and silver nanowires decreased the number of apoptotic cells induced by TGEV through regulating p38/mitochondria-caspase-3 signaling pathway. Our data indicate that Ag NMs are effective in prevention of TGEV-mediated cell infection as a virucidal agent or as an inhibitor of viral entry and the present findings may provide new insights into antiviral therapy of coronaviruses.
Introduction
Metal nanomaterials have received considerable attention due to their attractive physicochemical properties. In the biomedical fields, many applications for metal nanomaterials have been explored including biosensors [1] , labels for cells and biomolecules [2] , and cancer diagnostics and therapeutics [3] . Although the antibacterial, antifungal and antiviral properties of silver ions and silver compounds have been extensively studied and used for centuries, silver nanoparticles have shown much more superior efficacy for their promising antimicrobial potential [4] , which have been used for wound healing against bacteria [5] . Moreover, in vitro studies have demonstrated that spherical Ag nanoparticles (Ag NPs) can be used as antiviral agents against the human immunodeficiency virus (HIV) [6] , respiratory syncytial virus [7] , H1N1 influenza A virus [8] , monkeypox virus [9] or hepatitis B virus [10] . However, the antiviral effects of silver nanomaterials (Ag NMs) against coronaviruses (CoVs) remain an undeveloped area.
CoVs have been very common throughout the world, as both human and animals are susceptible to them (http://www.cdc.gov/ coronavirus/). Particularly some coronaviruses, such as severe acute respiratory syndrome coronavirus (SARS-CoV) and the recently identified Middle East respiratory syndrome coronavirus (MERS-CoV) may cause fatal infection in human. Transmissible gastroenteritis virus (TGEV), a porcine coronavirus, causes very high mortality in piglets and thus has tremendous impact of pig industry [11, 12] . Vaccination has been extensively applied to prevent pigs from TGEV infection. Virulent or attenuated vaccines can be used to vaccinate sows and the resulting colostrum may provide protection to sucking piglets, however, the immune efficacy was not ideal and the potential dissemination as well as prevalence of infectious agent in piglets remain [13, 14] . Therefore, development of preventive and therapeutic strategies is indispensible for control of TGEV infection. To date, the understanding and knowledge regarding effectiveness evaluation of chemical reagents on TGEV infection are limited. Although Ag NMs have been displaying appealing effect on antiviral research [15, 16] , their potential inhibitory effect on TGEV infection has not been studied and reported until now. Moreover, TGEV, like many other viruses, exerts much of its cell effect through the induction of apoptosis of its host cell [17e19] . Previous reports showed that the activation of caspases played a critical role in cell apoptosis triggered by TGEV [19e 21] . However, whether and how TGEV-mediated apoptosis could be regulated by Ag NMs is unknown.
Therefore, in this study, we used TGEV as a model of CoVs and comparatively evaluated the inhibitory effect of four different Ag NMs (Ag NPs, silver nanowires 60 nm, silver nanowires 400 nm, and silver colloids) on TGEV-mediated cell infection and apoptosis. The underlying molecular mechanism was further explored. Mitochondrial membrane potential (MMP), p38 MAPK signal pathway activation, the expression of Bcl-2 family proteins and the cleavage of the precursor caspase-3 were measured.
Materials and methods

Preparation and characterization of Ag NMs
Four Ag NMs consisting of Ag NPs (NM-300), two kinds of silver nanowires (XFJ011) and silver colloids (XFJ04) were selected in this study. Ag NPs was supplied by the Institute for Health and Consumer Protection (IHCP, one Joint Research Centre of European Commission located in Italia) under coordination within the Project of European Commission 7th Framework Program. The others were purchased from Nanjing XFNANO Materials Tech Co., Ltd., (Nanjing, China). Their size and morphology were characterized by environmental scanning electronic microscopy, ESEM (Quanta 200 FEG) or transmission electron microscopy, TEM (Tecnai G2 20 S-TWIN). The particle size distribution of Ag NPs and silver colloids was further characterized by nanoparticle tracking analysis (NanoSight LM10-Base, Nano Sight Ltd., UK). All Ag NMs were dispersed in deionized water to 1 mg/mL and were then further diluted into fresh medium to the final concentrations as required.
Cell culture and virus
Swine testicle (ST) cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) at 37 C with 5% CO 2. TGEV strain PUR46-MAD was propagated in ST Cells as previously described [11, 13] .
Cell viability assays
Toxic effects of the Ag NMs on ST cells were determined using the Mosmannbased 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [22] . Briefly, approximately 6 Â 10 3 cells were plated onto 96-well plates (Corning, USA). After the cells became confluence, the cells were incubation with different concentrations of Ag NMs for 48 h at 37 C. Then, MTT reagent was added to the cells according to the manufacturer protocol and the absorbance at 570 nm was recorded by an Infinite M200 microplate reader (Tecan, Durham, USA). Mock-treated cells served as control. Each experiment was performed in triplicate.
Antiviral activity of Ag NMs
The inhibitory effect of the Ag NMs on TGEV was determined using the MTT assay, as described previously [23e25]. Briefly, TGEV at an MOI (multiplicity of infection) of 0.5 was incubated with serially diluted Ag NMs in medium at 37 C for 1 h. Then, ST cells cultured on 96-well plates were infected with viruses containing or not containing Ag NMs for another hour. Then the cells were washed three times 
Real-time quantitative PCR
TGEVs at an MOI of 0.5 were incubated with the indicated dose of Ag NMs (From 3.125 mg/mL to 12.5 mg/mL) for 1 h. Then the viruses were used to infect ST cells grown in 6-well plates as above. At 48 hpi, the total RNA was extracted using TRIzol agent (Invitrogen, Carlsbad, CA, US), and 2 mg of each RNA sample was subjected to reverse transcription according to the manufacturer's instructions. The resulting cDNA samples were analyzed by quantitative real-time PCR (qRT-PCR) (Eppendorf, Germany) using SYBR green as fluorescence dye, as described previously [13, 26] . Relative quantifications of mRNA expression of the genes of interest were calculated using the comparative threshold cycle number for each sample. The following genes were measured: S-X (a fragment comprising the 3 0 half of the S gene, the intervening sequence and the 3a gene), 3CLpro (a nonstructural gene encoding the 3CLprotease of TGEV), Bax, Bcl-2 and beta-actin. The primers for qRT-PCR in this study were shown in Table S1 .
Western blot
The samples were treated as above and the cells were harvested and washed with ice-cold PBS followed by treatment with ice-cold RIPA lysis buffer with 1 mM phenylmethyl sulfonylfluoride (PMSF). Protein concentrations were measured using BCA Protein Assay Reagent (Pierce, Rockford, IL, US). Equivalent amounts of proteins were loaded and run on 8-12% sodium dodecyl sulfateepolyacrylamide gel electrophoresis (SDSePAGE). Subsequently, proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore Corp, Atlanta, GA, US). The membranes were blocked with 5% non-fat dry milk at room temperature for 1 h, and then incubated with indicated primary antibodies overnight at 4 C, followed by horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 h. Information on antibodies can be found in the supporting information section. Blots were developed using enhanced chemiluminescence, as described previously [26, 27] . The tested proteins included Bax, Bcl-2, caspase-3, Phospho-p38 MAP Kinase (Pi-p38), p38 MAP Kinase (p38), p53, PARP and beta-actin.
Indirect immunofluorescence assays
Inhibitory effect of the Ag NMs on cell infection by TGEV was further evaluated by immunofluorescence. ST cells in 96-well plates were infected with TGEV at an MOI of 0.5, or TGEV pre-treated with Ag NPs, silver nanowires 60 nm, silver nanowires 400 nm or silver colloids respectively for 1 h. At 36 hpi, the cells were rinsed once with PBS and fixed in 4% formaldehyde for 15 min at room temperature, permeabilized with 0.1% Triton X-100 for 5 min at room temperature and incubated with the anti-TGEV polyclonal antibody (1:200 dilution) for 2 h and fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG (HþL) secondary antibody (1:200 dilution) for 1 h. Images were all collected using an IN cell analyzer 2000 (GE health). Nine image fields/well were captured at the same exposure time and at least 200 cells per image filed were measured for effective data output. Fluorescence density calculations were performed automatically by the IN cell analyzer software 3.7.1 (GE Healthcare, US) according to the manufacturer protocol.
Flow cytometry analysis
Cell apoptosis induced by TGEV was further analyzed with FITC Annexin V Apoptosis Detection kit (Becton Dickinson, Sunnyvale, CA) as previously described [13, 28] . The above-mentioned cell samples were trypsinized and then centrifuged at 2000 rpm for 5 min. The cells were re-suspended with 500 mL of binding buffer at a density of 10 6 cells/mL, after washing two times with PBS at 2000 rpm for 5 min.
Then, 5 mL of FITC-conjugated Annexin V and 5 mL of propidium iodide (PI) were added to the suspension for another incubation at room temperature for 15 min in the dark. The samples were analyzed within 1 h post-staining.
Mitochondrial membrane potential was determined using Rhodamine 123 (Invitrogen, Carlsbad, CA, US) as previously described [29] . ST cells were cultured at a density of 6 Â 10 3 cells per well in 96-well plates in medium and incubated for 24 h.
Cell samples included mock-infected ST cells or ST cells infected with TGEV at
different MOIs for 12 h. Then, the cells were stained with 10 mM of Rhodamine 123 in PBS solution with 0.4% glucose for 30 min. The cells in each dish were washed gently with PBS three times prior to Flow cytometry analysis (BD FACSCaliburÔ Flow Cytometer).
Results and discussion
Characterization of various Ag NMs
Four types of Ag NMs were physically characterized by ESEM or TEM. As shown in Table 1 , silver nanowires were 60 nm and 400 nm in diameter. Ag NPs were uniformly distributed, with particle sizes less than 20 nm. The average diameter of silver colloids was approximately 10 nm. The stabilizing agents of Ag NPs were comprised of 7% ammonium nitrate, 4% each of Polyoxyethylene Glycerol Trioleate and 4% Tween 20. The capping agent of silver nanowires 60 nm (Ag NW60), silver nanowires 400 nm (Ag NW400) and silver colloids was PVP (Polyvinylpyrrolidone). However, the concentration of PVP used in these nanomaterials was not the same. The content of PVP in silver colloids was about four times higher than silver nanowires, which is necessary for their synthesis and their good dispersion. Silver colloids were well dispersed and had no obvious precipitation formation even at 1 mg/mL when put at room temperature for 6 months. To determine their dispersion and particle size distribution, Ag NPs and silver colloids were further characterized by nanoparticle tracking analysis (NTA), which has been reported as a powerful characterization technique that complements dynamic light scattering [30] . As shown in Fig. S1 , both Ag NPs and Ag colloids were well dispersed, and their average particle size was about 30 nm. It seems that the particle size distribution data got from NTA is not consistent with the data provided by the company. Maybe it is because two or three nanoparticles bunched together during NTA. Nevertheless, the biggest size is not exceeding 100 nm, and there appeared a single peak in either Ag NPs or Ag colloids. All these findings suggest that Ag NPs and Ag colloids were well dispersed.
The cytotoxicity and anti-TGEV activity of Ag NMs in ST cells
The biological responses of nanoparticles are strongly dependent upon their physicochemical properties such as shape, size and their interactions with capping agent molecules [31e33]. To evaluate the potential cytotoxic effects of various Ag NMs on ST cells (a type of TGEV-susceptible porcine cell line), we used MTT assay to investigate the viability of ST cells incubated with different Ag NMs at a concentration ranging from 3.125 to 50 mg/mL for 48 h. As shown in Fig. 1A , 12.5 mg/mL Ag NPs resulted in little cytotoxicity in vitro. More than 80% of the cells remain unaffected by 12.5 mg/mL Ag NPs, whereas 25 and 50 mg/mL Ag NPs were highly toxic to ST cells. In addition, high concentrations (i.e. 50 mg/mL) of silver nanowires (60 nm, 400 nm) induced much less cell death than Ag NPs in ST cells. This might be due to the bigger size of silver nanowires than Ag NPs, and thus little silver nanowires could be taken up by ST cells. However, given the high aspect ratio of silver nanowires, the limited toxicity caused by silver nanowires may be attributed to the insertion of silver nanowires into ST cells. More interestingly, although silver colloids, which were well coated and dispersed by PVP, had a similar shape and size with Ag NPs, they caused no cytotoxicity in ST cells even at the highest dose tested (50 mg/mL). It is well known that the surface chemistry of the nanoparticles can modify their interactions with external systems. The fact that the Ag NPs present higher cytotoxicity than PVPcoated Ag colloids can be explained in terms of surface chemistry. Since Ag NPs possess lower surface coating, they may be able to interact stronger with ST cells or easier to be taken up by ST cells, in turn increasing their toxicity.
Several studies have demonstrated that Ag NPs are promising antiviral materials [6e10]. To analyze the anti-TGEV activity of Ag NMs, ST cells were treated with a mixture combined with TGEV and Ag NMs at a concentration of 3.125-12.5 mg/mL. The S-X gene and 3CLpro gene of TGEV were used as target genes and qRT-PCR was employed to examine their expression level. As shown in Fig. 1B and C, the gene levels of S-X and 3CLpro were significantly decreased by Ag NPs, Ag NW60 and Ag NW400 in a dosedependent manner. Nevertheless, silver colloids treatment did not cause a statistically significant change of the amplification of the two genes. These data indicate that Ag NPs and Ag nanowires possess significant anti-TGEV activity, but silver colloids have no effect on TGEV multiplication. The low anti-TGEV activity of PVPcoated silver colloids can also be explained in terms of surface chemistry. Although silver nanowires are also coated with PVP, however, on one hand, the PVP concentration used in silver nanowires is lower than in silver colloids; on the other hand, silver nanowires may be more difficult to be well coated and dispersed by PVP due to their high-aspect-ratio. Thus, the coated PVP may participate in reducing the free Ag surfaces exposed directly to cells and virus, which is responsible for Ag NMs-mediated cytotoxicity and antiviral activity.
To further confirm the inhibitory effects of Ag NPs and silver nanowires on TGEV multiplication, immunofluorescence was performed to examine the amount of TGEV in ST cells. As shown in Fig. 1D and E, both Ag NPs and two types of nanowires could significantly decrease the number of TGEV-infected cells. The results indicate that Ag NPs and Ag nanowires, which have thinner PVP-coating than Ag colloids, could be easier to interact with ST cell membranes or TGEV surface proteins to inhibit TGEV infection and multiplication.
The inhibitory effect of Ag NMs on TGEV-induced cell apoptosis
TGEV infection is generally acute and causes a high mortality rates (up to 100%) in seronegative suckling piglets [34] . Our previous work and other reports have proved that TGEV infection may be associated with host cell apoptosis [13,19e21] , which may be the reason for TGEV-induced fatal diarrhea in newborn pigs. In the present work, we firstly observed the morphological changes of TGEV-infected ST cells. As shown in Fig. 2A , the cytopathic effect of ST cells was typical at 36 hpi and became more evident at 48 hpi, compared to the mock-infected cells. This result indicated that TGEV infection caused cell death in ST cells. To further confirm the effect of Ag NMs on TGEV induced host cell apoptosis, TGEV-infected ST cells were analyzed by Annexin V-FITC and PI dual staining kit. Early apoptotic cells could be stained with Annexin V but not PI. Fig. 2B showed that at 24 hpi, the early apoptotic rate of cells infected by the virus control was 10.07%, however, in cells treated with the combined mixture of virus and Ag NMs, the apoptotic rate was downregulated to 5.33% (Ag NPs), 4.97% (Ag NW60) and 4.93% (Ag NW400), respectively, which indicated that Ag NMs had an inhibitory activity against TGEV-induced cell anti-TGEV activity at 48 hpi (Fig. 2C) 28.94 AE 3.84% (Ag NW400). At 12.5 mg/mL, the percentage reduction was 67.35 AE 0.68% (Ag NPs), 53.90 AE 1.95% (Ag NW60) and 58.65 AE 2.95% (Ag NW400). All these results suggest that Ag NMs (Ag NPs, silver nanowires 60 nm and 400 nm) not only own anti-TGEV activities but also inhibit cell apoptosis induced by TGEV infection.
The mechanism of TGEV-caused cell apoptosis
Depolarization of mitochondrial membrane potential (MMP) has been shown to participate in the induction of apoptosis [35] . To explore the mechanism of TGEV-induced apoptosis in ST cells, we first investigated whether MMP changes were induced in TGEVinfected ST cells. Compared with the untreated ST cells (control), the MMP in TGEV-infected ST cells was notably depolarized in a dose-dependent manner (Fig. 3A) , implying the destruction of mitochondria integrity in TGEV-infected ST cells. Moreover, Bcl-2/ Bax ratio is considered as a predictive marker in mitochondriamediated apoptotic pathway [18, 21, 36] . The pro-apoptotic protein Bax induce the permeabilization of mitochondrial membrane, allowing proteins in the mitochondrial intermembrane space, such as cytochrome C, to escape into the cytosol where they can induce caspase activation and cell apoptosis [37] . Bcl-2, the major antiapoptotic protein, can inhibit Bax-mediated mitochondrial membrane permeabilization [38] . Therefore, we subsequently examined the mRNA levels and protein levels of Bcl-2 and Bax in TGEVinfected ST cells by qRT-PCR and Western blot. The results showed that the mRNA level of Bcl-2 significantly diminished at 12 hpi, and continuously increased until 36 hpi (Fig. 3B) . The mRNA level of Bax was significantly increased in TGEV-infected cells at 12 hpi and continued to increase over infection time (Fig. 3C ). In accordance with the changes at the transcriptional level, the protein level of Bax was also up-regulated in a time-dependent manner in TGEV-infected cells; while the protein level of Bcl-2 was down-regulated in a time-dependent manner (Fig. 3D) . These results suggest that up-regulation of Bax and decrease of Bcl-2 induced by TGEV infection may play important roles in TGEVmediated apoptosis in ST cells.
In addition, the tumor suppressor protein p53, a major transcription factor for the control of apoptosis, has been considered to be responsible for both the decrease in the expression of the apoptosis-suppressing gene Bcl-2 and the increase in the expression of Bax [39] . Therefore, we further examined the association of TGEV infection with the expression of p53 by Western blot. The data show that the expression of p53 in TGEV-infected ST cells was up-regulated in a time-dependent manner (Fig. 3E) .
The above findings decipher the relationship between TGEV infection and mitochondria-mediated apoptotic pathway. Next, we further explored the possible mechanisms by which Ag NMs inhibit cell apoptosis induced by TGEV infection.
Inhibition of TGEV-induced apoptotic signaling cascades by Ag NMs
Activation of p38 and p53 has been suggested to play important roles in TGEV-induced host cell apoptosis [40] . To further investigate whether TGEV induced ST cell apoptosis through activation of p38 MAPK-p53-mitochondia signaling cascades, we assessed the kinetics of p38 MAPK phosphorylation by Western blot. As shown in Fig. 4A , the expression level of phosphorylated p38 (Pi-p38) was increased in a time-dependent manner and appeared the most significant increase at 24 hpi in TGEV-infected ST cells. Next we further examined whether TGEV-stimulated p38 phosphorylation could participate in the regulation of Bcl-2 and Bax expression. SB203580, a specific inhibitor of p38-MAPKs [41] was used to inhibit TGEV-induced p38 phosphorylation, and then the expression of Bcl-2 and Bax was analyzed by Western blot. In the presence of 25 mM SB203580, the activation of p38 was significantly blocked in TGEV-infected cells (data not shown). Moreover, SB203580 treatment could significantly inhibit TGEV-induced Bax expression, and restore the expression of Bcl-2, which was down-regulated by TGEV infection (Fig. 4B) . These findings indicate that TGEV-induced increase of Bcl-2/Bax ratio, which plays important roles in mitochondrial-mediated apoptosis, is dependent on TGEV-mediated activation of p38 MAPK.
As mentioned above, our data demonstrated that TGEV could activate p38 MAPK, cause p53 accumulation, regulate the expression of Bcl-2 family proteins, induce the depolarization of mitochondria, and finally mediate the apoptosis of ST cells. We also found that Ag NMs caused an inhibitory effect on TGEV-induced apoptosis. To determine whether Ag NMs could inhibit TGEVinduced apoptosis through regulating p38 MAPK-p53mitochondia signaling cascades, we next employed Western blot to quantify the expression of Pi-p38, Bcl-2 and Bax in ST cells exposed to mixtures combined with TGEV and Ag NMs. As shown in Fig. 4C , Ag NMs treatment could significantly inhibit TGEVinduced expression of Pi-p38 and Bax, but increase the expression of Bcl-2 protein. These data were in accord with the inhibitory effect of Ag NMs on TGEV-induced apoptosis and suggested that p38 MAPK-p53-mitochondia signaling cascades might be critical for Ag NMs-caused inhibitory effect on TGEV-induced apoptosis.
Furthermore, it has been documented that apoptosis is related to the activation and cleavage of the precursor caspase-3, which plays a critical role in maintaining the apoptotic signal induced by various stimulus [21, 26] . Importantly, caspases-3 has been considered as a critical mediator of mitochondrial events of apoptosis [42] . Therefore, in this study, we next tried to figure out whether the antiapoptotic effect of Ag NMs could be explained by an inhibition of caspase-3 activation. As shown in Fig. 4D , E and 4F, the level of precursor caspase-3 (pro caspase-3) was reduced in TGEV-infected cells, but drastically recovered in cells treated with TGEV plus Ag NMs. We also examined the caspase-3-mediated cleavage of precursor PARP (pro PARP) by Western blot. The results showed that caspase-3-mediated cleavage of precursor PARP in cells treated with TGEV plus Ag NMs was much less than in the cells only infected with TGEV (Fig. 4D, E and 4F ). All these results indicate that Ag NMs inhibit apoptosis during TGEV infection via regulating p38/mitochondria-caspase-3-mediated apoptotic pathway.
As shown in Fig. 5 , the present data suggest a possible mechanism involved in Ag NM-caused TGEV inhibition. Ag NMs including Ag NPs and silver nanowires may directly interact with TGEV surface protein, such as TGEV S glycoprotein, thus inhibit the initiation of TGEV infection. TGEV S glycoprotein is the dominant surface protein that responsible for inducing neutralizing antibodies and initiating infection [43e46]. Binding of the S glycoprotein to the cellular receptor porcine aminopeptidase N (pAPN) is required for the initiation of TGEV infection [47] . It is possible that Ag NPs and Ag nanowires could alter the structure of some surface proteins of TGEV and then inhibit their recognition and adhesion of the cellular receptor pAPN. However, silver colloids, which are well coated and dispersed by PVP, may cause limited effect on the activity of TGEV. Nevertheless, future studies will be focused on the underlying molecular mechanisms by which the effective anti-TGEV Ag NMs interact with TGEV by using experimental studies and large-scale molecular-dynamics simulations.
Conclusion
In the present study, four different types of Ag NMs were used to study the antiviral activity of silver against coronaviruses. Among these Ag NMs, Ag NPs and two types of silver nanowires could significantly cause an inhibitory effect on TGEV (a type of coronavirus)-induced host cell infection and TGEV multiplication. Moreover, these three Ag NMs decreased cell apoptosis which was caused by TGEV infection through activation of p38/mitochondriacaspase-3 signaling in ST cells. However, silver colloids, which are well coated and dispersed by PVP, caused no inhibitory effect on TGEV infection and multiplication. The antiviral use of metal nanomaterials had been developed by interfering with viral infection during attachment and entry. A direct interaction between the nanomaterials and the virus surface proteins could be demonstrated as the antiviral mechanism of Ag NMs. Our findings shed new light on the potential antiviral activity of Ag NMs against coronaviruses and provide new insights into the mechanisms by which Ag NMs inhibit cell apoptosis induced by TGEV infection.
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